are normally made as membrane-anchored precursors that are proteolytically processed to yield mature, soluble peptides. To explore the function of the membraneanchoring domain of EGF, we expressed artificial EGF genes either with or without this structure in human mammary epithelial cells (HMEC). These cells require activation of the EGFR for cell proliferation. We found that HMEC expressing high levels of membraneanchored EGF grew at a maximal rate that was not increased by exogenous EGF, but could be inhibited by anti-EGFR antibodies. In contrast, when cells expressed EGF lacking the membrane-anchoring domain (sEGF), their proliferation rate, growth at clonal densities, and receptor substrate phosphorylation were not affected by anti-EGFR antibodies. The sEGF was found to be colocalized with the EGFR within small cytoplasmic vesicles. It thus appears that removal of the membrane-anchoring domain converts autocrine to intracrine signaling. Significantly, sEGF inhibited the organization of HMEC on Matrigel, suggesting that spatial restriction of EGF access to its receptor is necessary for organization. Our results indicate that an important role of the membrane-anchoring domain of EGFR ligands is to restrict the cellular compartments in which the receptor is activated.
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Key words: epidermal growth factor • autocrine • intracrine • receptors • epithelium T HE epidermal growth factor receptor system is perhaps the best characterized of all growth factor or cytokine systems. Isolated over 35 yr ago, EGF has been found to stimulate growth in a wide variety of epithelial cell types (Carpenter and Cohen, 1990) . EGF was the first of what turned out to be a family of growth factors that bind to the EGF receptor (EGFR).
1 These include TGF ␣ (Derynck, 1992) , amphiregulin (Shoyab et al., 1989) , heparin binding EGF-like growth factor (HB-EGF; Higashiyama et al., 1991) , betacellulin (Shing et al., 1993) , and epiregulin (Toyoda et al., 1995) . All these ligands are made as membrane-spanning prohormones that are processed and released through regulated proteolysis . Similarly, the EGF receptor is also one member of a family that includes erbB-2, -3, and -4 (Lupu et al., 1995) . It is thought that ligand binding to EGF receptors leads to homo-and heterodimerization of these family members, perhaps leading to diverse responses depending on the patterns of pairings (Earp et al., 1995; Alroy and Yarden, 1997) . Whether different ligands promote different patterns of dimerization is not certain, although some data suggests that this may be the case (Beerli and Hynes, 1996) . What is clear, however, is that a variety of different EGFR ligands are found throughout adult tissues such as the gut, the kidneys, and the skin (Fisher et al., 1989; Saeki et al., 1992; Downing et al., 1997) . Whether the different EGFR ligands play different roles in normal tissue homeostasis is unknown.
The EGF receptor is known to play an important role during development. Knockout of the EGFR gene results in numerous developmental abnormalities in the brain, skin, and gut (Miettinen et al., 1995; Sibilia and Wagner, 1995; Threadgill et al., 1995) . Interestingly, knockout of the TGF ␣ gene results in only a mild phenotype, such as disoriented hair follicles, indicating that either other members of this ligand family may be more important, or there is redundancy of ligand function (Luetteke et al., 1993; Mann et al., 1993) . It is possible that diverse functions of the EGFR depend on structurally different ligands. It has been shown that the postendocytic trafficking pattern of different EGFR ligands depends on their pH-sensitive dissociation from the EGFR (Ebner and Derynck, 1991; French et al., 1995) . This may control persistence of receptor signaling, which, in turn, may alter the response of cells to EGFR activation (Traverse et al., 1994) . Although there is evidence that TGF ␣ is more effective than EGF in stimulating some cellular responses, such as migration and angiogenesis (Schreiber et al., 1986; Barrandon and Green, 1987) , all EGFR ligands display very similar cellular and biochemical effects in vitro (Riese et al., 1996) . This suggests that, in vivo, patterns of tissue distribution or methods of presentation may be more important than structure in dictating biological action of the EGFR ligands. Nevertheless, different ligand structures could potentially generate different biological responses depending on the context (Besner et al., 1992; Tzahar et al., 1997) .
All the EGFR ligands consist of a conserved receptorbinding core domain flanked on the carboxy side by a membrane-spanning domain and on the amino side by a highly variable extracellular extension . These extensions can be proteolytically removed before release of the ligand, such as the case with TGF ␣ (Derynck, 1992) . In other ligands, such as HB-EGF, most of the amino terminus is retained, which allows binding to extracellular glycosaminoglycans or to other cell surface molecules (Thompson et al., 1994) . This extrareceptor binding can have profound effects on cell responsiveness in vitro and presumably in the intact animal (Cook et al., 1995) . The proteolytic release of ligands, such as HB-EGF, can change their activity from juxtacrine to paracrine . The transmembrane and cytoplasmic domains of the different ligands are also diverse, and may regulate cellular transport, localization, or proteolytic release (Dempsey et al., 1997) . Although the membrane anchoring domain of EGFR ligands may regulate their cellular distribution, it remains to be demonstrated that altered cellular distribution has an impact on their biological activity.
Understanding the role of the membrane-anchoring domain of EGFR ligands is complicated by the fact that most cells making EGFR ligands also express the EGFR. Disruption of the EGFR gene in mice has shown that epithelial cells are most profoundly affected by receptor loss (Miettinen et al., 1995; Sibilia and Wagner, 1995; Threadgill et al., 1995) . These cells, such as those found in the gut, the kidneys, and epidermis, have all been shown to express one or more EGFR ligands (Fisher et al., 1989; Barnard et al., 1994; Hashimoto et al., 1994; Sakurai et al., 1997) . Although membrane-anchored growth factors have been shown to be biologically active in a juxtacrine fashion (Brachmann et al., 1989; Wong et al., 1989; Anklesaria et al., 1990; Higashiyama et al., 1995) , these studies have used experimental systems in which the cell type expressing the ligand is distinct from the cell type expressing the receptor.
In this situation, it is relatively simple to envision how spatially restricted juxtacrine signaling could play an important role in tissue organization. If a cell expresses both a receptor and a membrane-anchored growth factor, however, then juxtacrine signaling is unlikely to indicate cellular context. In addition, membrane-anchored EGFR ligands can be converted into soluble forms that are also biologically active (Derynck, 1992; Massagué and Pandiella, 1993) . Thus, the function of the membrane-anchoring domain in autocrine signaling is unclear.
To determine the role that ligand structure and distribution play in the function of the EGFR system, we have employed human mammary epithelial cells (HMEC; Stampfer et al., 1997) . These cells require activated EGFR for both cell division and motility (Matthay et al., 1993; Stampfer et al., 1993) . They express a number of EGFR ligands and can thus grow in the absence of exogenous EGF (Li et al., 1992) . Blocking the EGFR autocrine loop by the addition of antagonistic anti-EGFR antibodies, however, causes the cells to enter G 0 . Removal of the antibodies and addition of EGF causes the cells to synchronously reenter the cell cycle . Therefore, autocrine EGFR signaling in these cells is involved in a variety of different functions.
To explore the role of the membrane anchoring domain in EGFR ligand function, we constructed two derivatives of EGF: one lacking and one possessing the natural transmembrane domain. These artificial ligands were then expressed in HMEC cells to determine how they affected cell behavior. Surprisingly, we found that removal of the transmembrane domain resulted in a noninterruptible autocrine loop, apparently by an intracrine mechanism. Significantly, these cells could not organize into complex structures when grown on a reconstituted basement membrane. Our results suggest that an important function of the membrane-anchoring domain of EGF is to restrict the cellular location of receptor-ligand binding.
Materials and Methods
General mAb 225 directed against the EGFR (Gill et al., 1984) was isolated from a hybridoma cell line obtained from the American Type Culture Collection (ATCC). Monoclonal antibody 13A9, which binds to both occupied and empty EGFR (Winkler et al., 1989) was obtained from Genentech Inc. (South San Francisco, CA). Monoclonal antibody HA directed against EGF was a kind gift from Katsuzo Nishikawa of the Kanazawa Medical University, Uchinoda, Ishikawa, Japan (Yoshitake and Nishikawa, 1988) . Recombinant EGF (QCB, Inc., Hopkinton, MA) was conjugated to keyhole limpet hemocyanin (KLH) using sulfo-MBS (Pierce Chemical Co., Rockford, IL) after first introducing a sulfhydryl group using Traut's Reagent according to the manufacture's instruction. The KLH-EGF conjugate was used as an antigen to produce rabbit antisera. Polyclonal antibodies against the EGFR were raised in rabbits against affinity-purified EGFR (Gill and Weber, 1987) . Vector pEGF-1 containing the mature sequence of human EGF was a gift from Salil Niyogi (Engler et al., 1988) . LambdaEGF116 containing the entire coding sequence for human EGF was obtained from the ATCC. Human mammary epithelial cells 184 and line 184A1 (substrain L5) were obtained from Dr. Martha Stampfer (Lawrence Berkeley Laboratories, Berkeley, CA) and cultured in either MCDB 170 (Hammond et al., 1984) or medium DFCI-1 as described (Band and Sager, 1989) . Antibodies coupled to Protein A Sepharose beads were cross-linked to the beads using dimethyl pimelimidate and quenched using ethanolamine as described (Schneider et al., 1982) . Beads were washed extensively and then directly added to the cell extracts.
Construction of sEGF and EGF-Ct
An artificial secreted form of human EGF (sEGF) was constructed using an artificial DNA sequence derived from the amino acid sequence of mature human EGF (Engler et al., 1988) fused to a 200-bp fragment of the 5 Ј untranslated region and adjacent signal sequence of the EGFR. The EGF DNA was removed from pEGF-1 by digesting with EagI, endfilling with Klenow, and digesting with EcoRI. The EGF DNA was ligated to pBluescript (Stratagene Inc., La Jolla, CA) that was digested with HindIII, endfilled with Klenow, and digested with EcoRI to create pBluescript-EGF. The 5 Ј -untranslated region and signal sequence of the EGFR were isolated by PCR with primers to the SP6 promoter (5 Ј -GTA TTC TAT AGT GTC ACC TA-3 Ј ) and the EGFR signal sequence (5 Ј -GCC CGA CTC GCC GGG CAG AG-3 Ј ) using pLOLB (Opresko and Wiley, 1990) as the template. The PCR product was digested with XbaI to remove unwanted vector sequences, resulting in an insert with a 5 Ј XbaI end and a single 3 Ј A-overhang left by the Taq polymerase. This insert was ligated into pBluescript-EGF that was first digested with EcoRI and endfilled with Klenow, followed by addition of T overhangs with Taq polymerase and digestion with XbaI. EGF-Ct was made by inserting the entire membrane anchoring and cytoplasmic domain from lambdaEGF116 into pBluescriptsEGF. Both lambdaEGF116 and pBluescript-sEGF were digested with SphI and XhoI. After gel purification, the 760-bp fragment from pEGF was ligated into pBluescript-sEGF. All constructs were verified by sequencing.
For insertion into the MFG retrovirus vector (Eming et al., 1995) , StyI and BglII sites were made at the 5 Ј and 3 Ј end of the sEGF construct using the primers 5 Ј -CTT CGG GGA GCA GCC ATG GGA CCC TCC G-3 Ј and 5 Ј -AGA TCT AAC GGA GCT CCC ACC ACT-3 Ј . This set amplified the entire sEGF gene with the appropriate new restriction sites. The product was then ligated into pBluescript after digestion with SmaI and addition of T overhangs with Taq polymerase. The same protocol was followed for the EGF-Ct construct, except that a compatible NcoI site was used instead of the StyI site using the primer pair 5 Ј -CCA TGG GAC CCT CCG GGA CG-3 Ј and 5 Ј -AGA TCT ACT GAG TCA GCT CC-3 Ј . The PCR reaction mixture included 100 pmol of each primer, 20 ng of temple, 200 M of each dNTP, 25 mM MgCl 2 and 2.5 U of Taq polymers. A DNA thermal cycler (Perkin Elmer Cetus Instruments, Emeryville, CA) was used for 25 cycles with an annealing temperature at 50 Њ C. Final products were confirmed by DNA sequencing.
DNA fragments encoding sEGF or EGF-Ct were gel purified and ligated into the Nco1/BamH1 sites of the retrovirus vector MFG as previously described (Eming et al., 1995) . The fidelity of the insert was verified by DNA sequencing. To generate cell lines producing recombinant retrovirus, plasmid DNAs encoding MFG-sEGF and MFG-EGF-Ct were transfected into the ⌿ -CRIP packaging cell line as described (Danos and Mulligan, 1988) . Clones of transfectants were isolated and screened for those producing the highest viral titer.
Cells were transfected with retrovirus stock using polybrene and grown for 2 d before plating at clonal density in medium lacking EGF. Individual colonies were isolated using cloning rings and then screened by immunofluorescence and by measuring the medium for the presence of EGF as described below. All experiments were done with several independently isolated colonies and all yielded the same results.
Organization of HMEC
Matrigel was brought to 4 Њ C and 0.7 ml was placed in each well of a 12-well plate on ice. The matrix was carefully overlaid with 1 ml of ice-cold MCDB 170 to achieve a flat interface and the plates were transferred to a 37 Њ C incubator for 1 h to solidify the Matrigel. The matrix was allowed to equilibrate overnight with 2 ml of appropriate growth medium before adding cells. The cells were removed from stock plates with trypsin, counted, and then 200,000 cells/well were added to the equilibrated Matrigel. After plating, the cells were examined daily and photographed.
Measurement of EGF and EGFR
A sandwich ELISA was developed to measure EGF levels in the medium. High binding ELISA plates (Corning Glass Works, Corning, NY) were coated with 50 l of monoclonal antibody HA against EGF (5-10 g/ml) diluted in phosphate-buffered saline, pH 7.4, with 0.02% sodium azide (PBSN). The plates were rinsed four times with wash buffer (0.05% Tween-20 in PBSN) before each new addition. The plates were then blocked using blocking buffer (10% horse sera in PBSN). Human recombinant EGF was diluted in blocking buffer for a standard curve ranging from 3 to 100 pg. A rabbit polyclonal serum directed against EGF was used as a secondary antibody diluted 1:100 in blocking buffer. Alkaline phosphatase-conjugated goat anti-rabbit antibody (Sigma Chemical Co., St. Louis, MO) was used as the tertiary antibody at a dilution of 1:6,000. The ELISA was developed by rinsing the plates twice with 10 mM diethanolamine, 0.5 mM MgCl 2 , pH 9.5, and then adding 50 l of 1 mg/ml dinitrophenol (Sigma Chemical Co.) dissolved in the same buffer. The reaction was allowed to go for 4-10 min, and then quenched with 0.1 M EDTA. The ELISA plates were read at 405 nm using a SpectraMax microplate reader.
A sandwich ELISA was developed to measure total EGFR levels in cell extracts. The protocol is the same as for sEGF above, with the substitution of monoclonal antibody 13A9 against the EGFR (10 g/ml) and polyclonal anti-EGFR antiserum #448 at a 1:250. Cells were extracted (250 l per 10-cm dish) in 50 mM HEPES (pH 7.0), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 4 mM sodium iodoacetate, 1 mM EGTA, and 10 g/ml each of aprotinin, leupeptin, chymostatin, and pepstatin. Cells were removed by scraping, transferred to 1.5-ml microfuge tubes, and incubated at 0 Њ C for 10 min. Cell debris was removed by centrifugation at 10,000 g for 10 min. Protein concentrations were normalized between all samples before the assay using the BCA assay (Pierce Chemical Co.). A431 cell membranes were used as relative EGFR standards (Wiley, 1988) . The addition of EGF to the A431 cell membranes confirmed that the EGFR ELISA did not discriminate between empty and occupied receptors.
Growth Rates
To determine the relative growth rates of cells expressing the different EGF constructs, confluent cultures were removed from their plates (6 cm) by trypsin and resuspended in 10 ml of DFCI-1 medium lacking EGF. Aliquots of cells were counted and 15,000 cells were seeded into each 3.5-cm dish. After allowing the cells to attach overnight, the medium was changed to DFCI-1 lacking EGF or that containing either 12.5 ng/ml of EGF of 10 g/ml anti-EGFR mAb 225. Every 2 d, duplicate plates from each group were harvested and cell number was determined with a counter (Coulter Immunology, Hialeah, FL). Culture medium was changed every 2 d.
To measure clonal growth of cells, confluent cultures of cells were removed from their plates with trypsin, diluted 1:800 with DFCI-1 medium lacking EGF, and plated in 6-cm dishes. ‫ف‬ 18 h later, the medium was changed to DFCI-1 lacking EGF or that containing either 12.5 ng/ml of EGF of 10 g/ml anti-EGFR mAb 225. Cultures were allowed to grow for 3 wk and the media were changed every 3 d. The cells were fixed in 50% methanol and stained with 0.4% Giemsa (Sigma Chemical Co.).
Shc Protein Phosphorylation
Cells from 100-mm plates were removed by scraping, pelleted, and extracted for 10 min on ice using 100 l of 1% Triton X-100, 50 mM Tris, pH 7.2, 150 mM NaCl, 10% glycerol, 10 mM Na pyrophosphate, 1 mM EGTA, 10 mM iodoacetic acid, 1 mM sodium orthovanadate, 10 mM NaF, 10 g/ml aprotinin, chymostatin, leupeptin, and pepstatin. After centrifugation to remove debris, protein concentrations of all samples were normalized. Anti-Shc antibodies (Transduction Laboratories, Lexington, KY) cross-linked to Protein A Sepharose (20-30 l packed beads, ‫ف‬ 2 g of antibody) were added to each sample, which was incubated at 4 Њ C with rocking for 1.5 h. The resulting Shc-anti-Shc bead complex was washed twice in 1% Triton extraction buffer (see above), and then boiled in SDS-PAGE sample buffer before electrophoresis on 5-15% gradient gels. Samples were transferred to nitrocellulose and probed with RC20 antiphosphotyrosine antibody coupled to horseradish peroxidase (Transduction Laboratories). The blots were then developed with Western View ECL reagent (Transduction Laboratories).
Fluorescence Microscopy
Cells were plated on fibronectin-coated coverslips 48 h before the experiment. Cells were fixed for 10 min with freshly prepared 3.6% paraformaldehyde and 0.024% saponin in Ca 2 ϩ , Mg 2 ϩ -free phosphate buffered saline. Free aldehyde groups were quenched with 0.1% NaBH 4 for 5 min. Cells were incubated simultaneously with anti-EGFR mAb 225 (10 g/ ml) and anti-EGF rabbit polyclonal Z-12 (Santa Cruz Biotechnology, Santa Cruz, CA) in 0.012% saponin for 1 h followed by staining with FITC-labeled goat anti-mouse and Texas red-labeled goat anti-rabbit IgG antibodies (Molecular Probes, Inc., Eugene, OR) for 45 min. Alternately, anti-EGFR mAb 13A9 and anti-EGF mAb HA were directly la-beled with Alexa 488 and Alexa 594 dyes (Molecular Probes, Inc.) and used at a concentration of 1 g/ml each. Coverslips were mounted in ProLong antifade medium (Molecular Probes, Inc.) and viewed with a Nikon inverted fluorescence microscope with 60 or 100 ϫ oil immersion objectives. Images (12 bit, 656 ϫ 517) were acquired using a Photometrics cooled CCD camera with a Macintosh workstation running Openlab 2.0 software (Improvision, Inc., Boston, MA). For digital confocal microscopy, image triplets were acquired 0.4-m apart centered on the perinuclear endosomes at 520 and 615 nm (for Alexa 488 and Alexa 594, respectively). The image sets were deconvolved using nearest-neighbor subtraction (Agard et al., 1989) . The deconvolved images of both EGF and EGFR distributions were then used to generate binary images using grayscale values between 400 and 4,095. A logical "AND" between these images was then used to determine the colocalization between the EGF and the EGFR. The deconvolution routines were calibrated using 15-m FocalCheck beads (Molecular Probes, Inc.).
Results

Expression of Modified EGF Ligands in HMEC
The proteolytic processing of membrane-anchored EGFR ligands can be complex, giving rise to multiple forms of both soluble and membrane-anchored proteins (Derynck, 1992; Thorne and Plowman, 1994; Goishi et al., 1995) . To simplify the interpretation of our experiments, we constructed the two artificial EGF genes diagramed in Fig. 1 A . Both lack the amino terminus extension that is frequently proteolytically removed. A signal sequence derived from the EGFR was substituted for the normal amino terminus extension. The sEGF construct terminates The antibody used was a polyclonal against human EGF. The standard (rhEGF) was commercially purified recombinant human EGF. (C) Rate of EGF production by either parental HMEC (WT) or several lines expressing either sEGF or EGF-Ct. Monolayers of cells were changed to medium lacking EGF and either with (solid bars) or without (hatched bars) 10 g/ml 225 mAb. After 24 h, the conditioned medium was collected and evaluated for EGF levels by ELISA. Cell number was determined at both the initial and collection time points and the average was used to correct for the secretion rate. (D) Downregulation of the EGFR in either parental HMEC (WT) or cells expressing either sEGF or EGF-Ct. Cells were incubated in the presence (solid bars) or absence (hatched bars) of 33 nM EGF for 24 h. Cells were then extracted with detergent and the total cellular EGFR content was determined by ELISA. Data was standardized to the receptor content per microgram protein in the parental cells. at amino acid 1023, which corresponds to the last amino acid in the mature EGF ligand. The EGF-Ct construct retains the entire transmembrane and cytoplasmic carboxy terminus of the EGF precursor. These artificial EGF genes were inserted into the retrovirus vector MFG, which was transfected into the CRIP packaging cell line (Danos and Mulligan, 1988) . The resulting recombinant retroviruses were used to transduce the immortalized 184A1 HMEC line. Clonal cell lines were then randomly selected and screened for both EGF mRNA and protein expression.
Conditioned medium from positive cell lines was collected, concentrated, and analyzed by gel filtration and Western blot analysis. As shown in Fig. 1 B , EGF activity from supernatants of cells producing sEGF ran as a single peak, corresponding to a molecular weight of ‫ف‬ 6.6 kD. This is slightly larger than the 6.2 kD predicted from protein sequence. Western blot analysis demonstrated that protein released from cells producing EGF-Ct ran as two bands, with the predominant lower band corresponding to authentic recombinant human EGF. The sEGF migrated primarily as the higher molecular weight product. Based on the molecular weight values obtained from gel filtration studies, the two bands likely correspond to alternate cleavage sites in the artificial signal sequence. We found that the biological activity of sEGF from conditioned medium was the same as commercially available recombinant EGF as determined by its ability to stimulate EGFR autophosphorylation and cell proliferation (data not shown).
Shown in Fig. 1 C are the rates of EGF release from several typical cell lines expressing either sEGF or EGF-Ct. The parental HMEC did not release any measurable amount of EGF into the medium, but clones expressing either sEGF or EGF-Ct released comparable amounts of soluble EGF at rates up to 40 ng/10 6 cells per d. Accumulation of EGF in the medium could be substantially increased by adding the receptor blocking antibody 225, indicating that the cells were capable of using a large frac- tion of the released EGF. Interestingly, if cells produced less than ‫ف‬ 10 ng EGF/10 6 cells per d, then no EGF was detected in the medium unless the endogenous EGFR were blocked (Fig. 1 C ) . This indicates either that HMEC are able to efficiently capture low levels of autocrine ligands or that the released ligand does not enter the bulk medium before receptor binding.
The clonal line secreting high levels of sEGF displayed a 75% reduction in EGFR levels, which was not reduced further by the addition of exogenous EGF (Fig. 1 D ) , indicating a maximal level of receptor downregulation. The clonal line expressing lower levels of sEGF displayed a corresponding lower degree of receptor downregulation. A similar situation was observed for lines expressing EGFCt (data not shown). If EGF was found in the medium in the absence of antagonistic anti-EGFR antibodies, EGFR downregulation was always complete (compare sEGF clone 1 in Fig. 1, C and D ) . This suggests that autocrine EGF escapes into the medium only when the EGFR are saturated and that at least some of the cell lines make more EGF than they can consume.
The expression of sEGF and EGF-Ct in HMEC was also evaluated by immunofluorescence. Shown in Fig. 2 are cells stained for both the EGFR and for EGF. The EGFR in parental HMEC were predominantly at the cell surface and EGF staining was not above background levels (Fig. 2, top ) . Cells expressing either sEGF or EGF-Ct displayed greatly reduced levels of EGFR, which were predominantly located in lysosomal structures (Fig. 2 , middle and bottom ), as shown by staining parallel groups of cells with an antibody to LAMP-2 (data not shown). As expected for a membrane-anchored protein, EGF-Ct was predominantly located at the cell surface (Fig. 2 , bottom right ). Some intracellular staining was also observed that colocalized with the EGFR.
The sEGF displayed a very weak staining pattern, consistent with its lack of a membrane-anchoring domain (Fig.  2, middle right ) . The pattern of sEGF staining, however, appeared to be coincident with the distribution of EGFR. To verify this colocalization, we directly labeled anti-EGFR and anti-EGF monoclonals with fluorescent dyes to avoid any possible cross-reactivity of secondary antibodies. Cells expressing sEGF were then fixed, permeabilized, and stained simultaneously with the anti-EGF and anti-EGFR antibodies. The distribution of sEGF and EGFR was then determined using digital confocal microscopy (Agard et al., 1989) . As shown in Fig. 3 , both the EGFR and the sEGF were found in small cytoplasmic vesicles. The distribution of sEGF (Fig. 3, red ) was more restricted than the EGFR ( green ), most likely due to the loss of soluble sEGF from the permeabilized cells. Virtually all sEGF in the cell was found colocalized with the EGFR, as shown by yellow (Fig. 3, left ) and by performing a logical AND of the EGFR and EGF images (Fig. 3, right ) . This is in contrast to the situation with EGF-Ct, where most of the ligand was found associated with the cell surface (Fig.  2, bottom right ) .
The Transmembrane Domain of the EGF Ligand Allows Interruption of Autocrine Signaling
Some HMEC lines produce more EGF than can be consumed by the endogenous EGFR and display a maximal extent of receptor downregulation (Fig. 1, C and D ) . Because receptor downregulation is thought to reduce the sensitivity of cells to subsequent EGF addition (Wiley, 1985) , we were interested in determining the growth rates of these chronically stimulated cells. The parental 184A1 cells grew in the absence of exogenous EGF, but grew to a higher density when EGF was added (Fig. 4 A ) . Blocking their EGFR with antagonistic mAb 225 strongly inhibited cell growth, as previously reported . Although the addition of EGF to cells producing sEGF had no effect on their growth rate, these cells grew at the same rate as parental cells treated with high concentrations of exogenous EGF (Fig. 4 A , middle ) . This indicates that downregulation of EGFR does not affect the steady state response of the cells. Surprisingly, addition of high concentrations of antagonistic 225 mAb had no effect on the growth rate of these cells either, indicating that the sEGF-EGFR autocrine loop could not be interrupted. In the case of cells expressing EGF-Ct, growth rates were again similar to those observed for parental cells treated with high concentrations of EGF and addition of exogenous EGF again had little effect (Fig. 4 A , right ) . In contrast to the situation with sEGF, however, the addition of 225 mAb effectively inhibited their growth. Thus, interruption of autocrine signaling in HMEC by antagonistic EGFR antibodies appeared to require the membrane anchoring domain of the ligand.
Because cells expressing EGF-Ct produce at least as much ligand as those expressing sEGF (see Fig. 1 C ) , their relative sensitivity to 225 treatment could not be explained simply as an effect of mass action. An alternate explanation could be a clonal variation between cells with respect to their dependence on EGFR activation. We repeated our analysis on several independently isolated clones and Figure 3 . Colocalization of sEGF and EGFR in HMEC. Cells expressing sEGF (clone #1) were fixed, permeabilized with saponin, and incubated with directly labeled anti-EGFR antibody 13A9 (green) or anti-EGF antibody HA (red). Image triplets were acquired with a 100ϫ objective and deconvolved using a nearestneighbor routine (left). The red image was converted to a binary image (middle), and logically AND'ed with a binary image of the green image to determine colocalization (right). The small panels beneath the main images are enlarged sections of the image. Bar, 5 m.
observed the same effect; all clonal lines expressing sEGF were resistant to the effect of 225 mAb. To verify that EGFR activation itself was resistant to the effect of 225 mAb in cells expressing sEGF, we examined the phosphorylation of the EGFR substrate Shc in the different cell lines (Ruff-Jamison et al., 1993) . As shown in Fig. 4 B, addition of EGF to the parental HMEC line resulted in high levels of Shc tyrosine phosphorylation, but little Shc phosphorylation was observed in either the absence of EGF or in the presence of 225 mAb. In the case of cells expressing either sEGF or EGF-Ct, Shc phosphorylation was significant in the absence or presence of exogenous EGF. Significantly, the addition of 225 mAb had little effect on Shc phosphorylation in cells expressing sEGF, but was strongly inhibitory in cells expressing EGF-Ct. These data demonstrate that sEGF can activate the EGFR even in the presence of antagonistic antibodies. The simplest explanation for this observation is that removal of the membraneanchoring domain allows EGF to bind to its receptor before arrival at the cell surface and thus to operate in an "intracrine" fashion.
In the experiments shown in Fig. 4 , A and B, cells were grown at a relatively high density (between 0.03 and 1 ϫ 10 5 /cm 2 ). As an alternate to the intracrine hypothesis, sEGF could be trapped between cells and thus could bind to EGFR before the antagonistic antibody could diffuse to the cell surface. The more slowly released EGF-Ct would potentially not have such a kinetic advantage. If sEGF was operating in an intracrine manner, then growth of cells producing sEGF should be independent of cell density. If sEGF was simply being trapped between cells, then lowering the cell density should allow the 225 mAb to block receptor activation. To test this idea, cells were plated at clonal densities (Ͻ100 per cm 2 ) and grown for several weeks in the presence or absence of anti-EGFR antibodies. As shown in Fig. 5 , 225 mAb was unable to block the growth of cells producing sEGF, but were completely effective in preventing growth of either the parental cell line or cells producing EGF-Ct. These data demonstrate that even at the single cell level, autocrine signaling mediated by sEGF cannot be interrupted.
Spatial Organization of HMEC Is Disrupted by Secreted EGF
It has been shown previously that activation of the EGFR is important in proliferation and motility of HMEC (Matthay et al., 1993; Stampfer et al., 1993) . We have found that EGFR signaling is also required for these cells to form three-dimensional structures on a reconstituted basement membrane. As shown in Fig. 6 , when cells from the 184 line were plated on extracellular matrix (Matrigel) derived from Englebreth-Holme-Swarm fibrosarcoma (Schuetz et al., 1988) , they rapidly assemble into epithelial cords and form complex three-dimensional structures. Colonies mature over 4 to 10 d to form a com- plex branched network with multiple endbuds that superficially resemble alveolar complexes in vivo. Occupancy of the EGFR was essential for HMEC organization on Matrigel because antagonistic anti-EGFR mAb 225 efficiently inhibited formation of complex structures (Fig. 6 ).
Blocking EGFR occupancy after formation of initial aggregates also prevented the appearance of mature structures (data not shown).
The effect of mAb 225 on cell organization was not due to cell toxicity. Previously, it has been shown that mAb 225 causes a reversible entry into G 0 of the cell cycle . We have found that high concentrations of EGF will readily reverse the effects of 225 mAb. In addition, no apoptosis was observed in 225-treated cells (data not shown).
Organization of 184A1 HMEC was dependent on both time and cell density. Increasing numbers of 184A1 cells were plated on Matrigel in either the presence or absence of exogenous EGF. As shown in Fig. 7 , within 24 h the cells were able to form simple branching structures. Because the doubling time of these cells is 18-24 h (Stampfer and Yaswen, 1994) , cell proliferation is unlikely to play a major role in formation of the initial structures. In the absence of exogenous EGF, a cell density of at least 10 5 cells/cm 2 was required for organization. In the presence of EGF, a density of only 2 ϫ 10 4 cells/cm 2 was necessary. In the absence of exogenous EGF, the cells primarily formed branching structures that were stable over time (Fig. 7,  left) . The addition of exogenous EGF stimulated formation of endbud-like structures (Fig. 7, right) , most likely by stimulating cell proliferation. The addition of anti-EGFR mAb 225 completely blocked organization of the cells at all time points (data not shown; also see below).
There was also a time window of ‫42-21ف‬ h during which exogenous EGF facilitated organization of 184A1 cells. Visual observations suggested that this was related to invasion of the Matrigel by the cells. Thus, if EGF was provided to cells while they were still on the surface of the extracellular matrix, the cells could organize, but EGF had little effect once the cells entered the matrix. As indicated in Fig. 7 by the arrows, cells not included in a structure by 24 h remained as isolated colonies. The addition of EGF greatly increased the fraction of cells that joined organized structures, suggesting that cell migration and cell-cell contact were important aspects of EGF-stimulated organization.
We examined the effect of noninterruptible autocrine/ intracrine signaling on cell organization by observing the ability of HMEC expressing either sEGF or EGF-Ct to form complex structures. Cells were plated on Matrigel at a relatively low density (1.3 ϫ 10 4 /cm 2 ) so that the effects of different EGF levels could be observed (see Fig. 7 ). After 6 d, their state of organization was evaluated. As shown in Fig. 8 , parental cells formed small aggregates in the absence on exogenous EGF. As expected, the addition of EGF resulted in the formation of well defined complex structures. Again, addition of anti-EGFR antibody 225 blocked cell organization in the parental HMEC cells.
Cells expressing sEGF formed large aggregates that increased in size over time, but did not make organized structures (Fig. 8) . In particular, the ability of these cells to form tubular or ductlike structures was severely affected. The addition of exogenous EGF or antagonistic 225 mAb had no effect on growth or organization of cells expressing sEGF.
In contrast to the effect of sEGF production, expression of EGF-Ct facilitated the formation of structures with clear lobular and ductal aspects (Fig. 8) . The addition of exogenous EGF partially inhibited the formation of structures, whereas the addition of antagonistic 225 mAb completely blocked the process. If the cells were cultured for an additional 14 d, the structures formed by the parental HMEC were stable, but those formed by cells expressing EGF-Ct became less defined (data not shown). These observations indicate that both the concentration of EGF and its spatial presentation to receptors is important in its ability to facilitate the organization of HMEC in culture.
Discussion
The data presented here demonstrate that the membraneanchoring domain of EGFR ligands may play an important role in regulating the cellular location of EGFR activation. Most studies on EGFR regulation have been focused at the receptor level, but ligand availability is generally rate-limiting in the overall activity of the EGFR pathway, as demonstrated by increased growth rate and density of autocrine cells after adding exogenous ligand (Atlas et al., 1992; Hashimoto et al., 1994) . Release of EGFR ligands is itself a regulated process and appears to depend on the structure of the membrane-anchoring domain (Pandiella et al., 1992; Bosenberg et al., 1993; Massagué and Pandiella, 1993; Goishi et al., 1995; Baselga et al., 1996) . Our investigation indicates that the membrane anchoring domain of the ligand also serves to restrict the site of ligand release. This spatial restriction appears to be important in normal cell function.
There is abundant evidence to show that EGFR function is critically important in both the formation and differentiated function of mammary glands (Snedeker et al., 1991; Fowler et al., 1995; Xie et al., 1997) . Our HMEC experimental system appears to recapitulate some of the EGFR-dependent organization processes observed in vivo, although we did not observe differentiation of the cells into glandular epithelium (data not shown). Recent work suggests that differentiation requires the presence of multiple cell types (Gomm et al., 1997) .
HMEC make a variety of different EGFR ligands, with TGF␣ and amphiregulin appearing the most important (Li et al., 1992) . The simultaneous expression of a number of different EGFR ligands in a homogeneous cell population may indicate that different ligands have distinct functions. As a first step towards understanding structure-function relationships in EGFR ligands, we expressed EGF either with or without a membrane-anchoring domain. Removal of the membrane-anchoring domain of amphiregulin has been shown to alter the proteolytic processing of its amino-terminal extension, presumably by altering access to the processing enzymes (Thorne and Plowman, 1994) . To simplify the analysis of our experiments, our EGF constructs lacked any amino-terminus extension.
We found that the most striking effect of removing the membrane anchoring domain of EGF was the loss of our ability to block EGFR signaling with antagonistic antireceptor antibodies. This was observed at all cell densities. Immunofluorescent imaging of cells expressing both sEGF and EGFR showed extensive colocalization in intracellular vesicles, indicating intracrine signaling. Because the ligand and antibody binding sites on the EGFR are overlapping and mutually exclusive (Gill et al., 1984) , preformed EGF-receptor complexes arriving at the cell surface would not be affected by antagonistic antibodies. In Figure 8 . Expression of sEGF prevents HMEC from organizing into organotypic structures on Matrigel. Parental cells (WT) and cells expressing either sEGF (clone #1) or EGF-Ct (clone #2) were seeded at a density of 1.3 ϫ 10 4 /cm 2 in the absence of EGF (Control), in the presence of 2 nM EGF (ϩEGF) or 10 g/ml 225 anti-EGFR antibodies (ϩ225). After 6 d, photographs were made using 4ϫ phase objectives.
contrast, we found that cells expressing membraneanchored EGF-Ct were readily inhibited by antibodies. This indicates that membrane-anchored EGF and the EGFR are separate upon delivery to the cell surface. Thus, the formation of complexes between EGF-Ct and the EGFR either requires proteolytic release of EGF from the cell surface or any juxtacrine signaling must be restricted to the cell surface. Juxtacrine activity has been described for membraneanchored EGF and TGF␣, as well as for HB-EGF (Brachmann et al., 1989; Mroczkowski et al., 1989; Wong et al., 1989; Higashiyama et al., 1995; Baselga et al., 1996) . The relative contribution of membrane-anchored and soluble ligand forms to total ligand activity in vivo is unclear. If the membrane-anchored forms of the ligands do play a significant biological role, however, there must be specialized mechanisms to restrict receptor activation to the cell surface. CD9/DRAP 27 has been identified as an auxiliary molecule that facilitates juxtacrine signaling in the case of HB-EGF . One of its roles could be to restrict juxtacrine signaling to the cell surface.
Restriction of EGFR signaling to the cell surface appears to be necessary for organization of HMEC on Matrigel. Cells incubated with exogenous EGF, or expressing membrane-anchored EGF, formed complex structures that superficially resembled ducts and endbuds. Expression of sEGF resulted in the disruption of the structures. This dominant, disorganizing effect of sEGF could indicate that intracrine signaling results in the phosphorylation of inappropriate intracellular substrates. However, we have not observed any significant differences between tyrosine-phosphorylated substrates in cells expressing sEGF versus EGF-Ct (data not shown). Alternately, the pattern of receptor occupancy at the cell surface could provide clues regarding the extracellular environment that could be important in cell organization. The uniform occupancy by sEGF of all EGFR before arrival at the cell surface would destroy any pattern of signaling imposed by the extracellular environment. The addition of exogenous EGF would not mimic the action of sEGF because its access to the cell surface is also spatially restricted by cell-cell and cell-matrix contacts. In either case, our results do show that the cellular location of EGFR signaling can have a significant effect on cell behavior.
All of the currently identified EGFR ligands, such as EGF, TGF␣, amphiregulin, HB-EGF, and betacellulin, are made as membrane-associated precursors . It is interesting to note that a number of virally encoded EGFR ligands have been identified, such as myxoma growth factor and Shope fibroma growth factor (Chang et al., 1987) . Unlike the normal EGFR ligands, these viral ligands lack a membrane anchoring domain. This may promote proliferation of infected cells by circumventing the normal mechanisms that regulate or interrupt autocrine signaling. Consistent with this hypothesis is the observation that Shope fibroma growth factor is a major virulence factor in malignant rabbit fibroma virus pathogenicity and is involved in promoting epithelial hyperplasia and squamous metaplasia (Opgenorth et al., 1992) . Another pathological autocrine system is the v-sis/PDGF receptor system. Although PDGF is normally a paracrine growth factor (Battegay et al., 1994) , inappropriate simultaneous expression of the ligand with the receptor results in uncontrolled cell proliferation (Chiu et al., 1984 ). An intracrine mechanism for v-sis signaling has been proposed as well (Bejcek et al., 1989) , although the requirement of the ligand-receptor complex to reach the surface is controversial (Lee and Donoghue, 1992) .
We found that unless cells made a greater amount of EGF than they could consume, little ligand was found in the extracellular medium unless the EGFR were blocked. A similar observation has been made in the case of MDCK cells expressing TGF␣ (Dempsey and Coffey, 1994) . This suggests that either released ligand does not enter the bulk medium before binding to the EGFR, or that the cells are extremely efficient in binding low concentrations of ligands. It does show, however, that the lack of ligand in the extracellular medium does not indicate the absence of autocrine signaling.
A major theme emerging in the field of signal transduction is that alterations in the spatial distribution of signaling molecules is important for their activation (Carraway and Carraway, 1995; Leevers et al., 1994) . This spatial distribution could drive morphogenic processes. It has already been shown that in Caenorhabditis elegans, the pattern of LET-23 receptor localization is important for lin-3-mediated vulval development (Simske et al., 1996) . Because the LET-23/lin-3 pair is homologous to the mammalian EGFR system (Aroian et al., 1994) , perhaps it is not surprising that disruption of autocrine ligand distribution should have a pronounced effect on cell organization. Because autocrine signaling is important in dictating tissue organization, it may play a more important role in development than previously suspected.
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